Abstract. High-precision constraints on primordial non-Gaussianity (PNG) will significantly improve our understanding of the physics of the early universe. Among all the subtleties in using large scale structure observables to constrain PNG, accounting for relativistic corrections to the clustering statistics is particularly important for the upcoming galaxy surveys covering progressively larger fraction of the sky. We focus on relativistic projection effects due to the fact that we observe the galaxies through the light that reaches the telescope on perturbed geodesics. These projection effects can give rise to an effective f NL that can be misinterpreted as the primordial non-Gaussianity signal and hence is a systematic to be carefully computed and accounted for in modelling of the bispectrum. We develop the technique to properly account for relativistic effects in terms of purely observable quantities, namely angles and redshifts. We give some examples by applying this approach to a subset of the contributions to the tree-level bispectrum of the observed galaxy number counts calculated within perturbation theory and estimate the corresponding non-Gaussianity parameter, f NL , for the local, equilateral and orthogonal shapes. For the local shape, we also compute the local non-Gaussianity resulting from terms obtained using the consistency relation for observed number counts. Our goal here is not to give a precise estimate of f NL for each shape but rather we aim to provide a scheme to compute the non-Gaussian contamination due to relativistic projection effects. For the terms considered in this work, we obtain contamination of f loc NL ∼ O(1).
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Introduction
Understanding the mechanism behind the generation of primordial fluctuations which sets the seed of the Large Scale Structure (LSS) of the Universe, is one of the main open fundamental questions in cosmology. Latest high-precision measurements of temperature and polarization anisotropies of the Cosmic Microwave Background (CMB) from Planck satellite [1] are consistent with adiabatic, nearly scale-invariant and Gaussian primordial fluctuations in agreement with the predictions of simplest inflationary models. Constraints on the level of non-Gaussianity of the primordial fluctuations will result in significant improvement in our understanding of the physics of the early universe. For example, achieving a high sensitivity on the local non-Gaussianity parameter f loc.
NL is of great theoretical interest since it could enable us to distinguish between various models of inflation [2] .
High-precision measurements of the clustering statistics of LSS such as power spectrum and bispectrum are our best hope to obtain such an accuracy, beyond the limits set by the CMB, due to the large number of available modes. Indeed, the target accuracy for the upcoming LSS surveys is ∆f loc. NL O(1) for local primordial non-Gaussianity (PNG) [3, 4] , while for other shapes is ∆f NL ∼ O(10) [5] . PNG of the local shape leaves a distinct signature on the galaxy power spectrum by inducing a scale-dependant contribution to the biasing relation between the dark matter and the galaxy overdensities [6, 7] . This signature has been used to set constraint on f NL of the local shape [8, 9] . The galaxy bispectrum contains additional information on PNG since it is sensitive to all shapes. It also provides a consistency check for the constraints obtained with the power spectrum [10] [11] [12] . On the other hand, compared to the CMB, constraining f NL from LSS and fully exploiting its potential is more challenging.
Accurate theoretical modelling of these observables should necessarily account for four factors. The first is the non-linearities in the evolution of the dark matter density field. Unlike the CMB where the anisotropies are small enough to be studied in the linear regime of cosmological perturbations, the LSS is highly non-linear due to nonlinear growth of structures. Second, the LSS is a biased tracer of the underlying dark matter. This relation in principle is non-linear and scale-dependant. Third, the LSS biased tracers are observed in redshift space rather than in real space: their peculiar velocity unavoidably induces redshift-space distortions (RSD) in their observed overdensity. Fourth, which is the focus of the current paper, on the largest scales probed by upcoming LSS surveys, one has to take into account relativistic projection effects which affect the observed redshift and angular position of the galaxy, beyond RSD. Furthermore, even at smaller scales when correlating different redshift bins lensing effects can give an important contribution.
Analogously to what is done for the CMB, any contribution to the bispectrum which looks like PNG should be subtracted from the measurement before estimating the level of the primordial signal. In the case of the CMB, the main contamination to f loc.
NL is found to be the ISW-lensing effect [13, 14] . For the galaxy bispectrum however the task in hand is more complicated as even at the tree-level in perturbation theory, the signal is dominated by non-primordial contributions. Therefore, to achieve the target sensitivity of ∆f NL O(1) for the upcoming LSS surveys, determining the contamination to the non-Gaussian parameter at the same accuracy is essential.
In addition to the well-known contributions from the gravitational evolution often referred to as "Newtonian terms", which can be calculated using a Newtonian perturbation theory scheme such as standard perturbation theory (SPT), there are several relativistic projection contributions. These corrections arise due to the fact that we observe galaxies through photons which have travelled on perturbed geodesics in a clumpy universe into our telescope [15] [16] [17] [18] . In computing the observed quantities such as galaxy number counts, we therefore need to account for this projection 1 on our past light-cone. Also it should be noted that the Newtonian terms are known to give a large contribution to local non-Gaussianity of the order of 10 3 − 10 4 [19, 22] . In this sense, the effects we consider here are sub-leading corrections to the Newtonian terms. However, if ignored, they can bias the measurement of the primordial signal by a value comparable to the precision promised by future surveys. Therefore, they need to be properly taken into account in the modelling be it analytically or using relativistic N-body simulations, see e.g. [23] .
Within perturbation theory, in order to calculate the tree-level bispectrum induced by projection effects and assuming Gaussian initial conditions, a fully relativistic de-scription of the observed galaxy number counts up to second order is necessary. This has been recently developed by several groups [24] [25] [26] for the observed galaxy number counts in terms of the observed angles and redshifts. The bispectrum evaluated within the perturbative scheme has the advantage that it is complete within the validity region of perturbation theory. Also it is valid for any triangular configuration. However estimating the effective contamination to f NL using the full expression is rather cumbersome as there are hundreds of terms contributing. Up to now there has been no estimate of the effective f NL from the second-order calculation.
Taking a different approach, Kehagias et al. [27] derived a consistency relation for the observed galaxy bispectrum which allows to calculate the observed galaxy bispectrum in the squeezed limit neglecting contributions from curvature and tidal effects which are proportional to second derivatives of the gravitational potential. Since the bispectrum of the local-shape is assumed to peak at the squeezed limit, the authors used this result to give an order of magnitude estimation of the effective f NL due to relativistic projection effects that has to be subtracted from the measured value. On the one hand, this relation is more tractable than the full second-order calculation and can be used at arbitrary small scales for the short modes. On the other, it is only valid in the squeezed limit by construction and there are physical effects such as curvature and tidal contributions that can not be captured by this argument.
Another approach has recently been taken in Umeh et al. [28] . There they compute the bispectrum including all terms of the relativistic calculation in [24] which do not contain integrals over the line of sight. But they present the result in Fourier space and not in the observable angular and redshift space. Also their definition of f NL differs from ours which makes it difficult to directly compare the results.
The fully relativistic approach and the calculation using the consistency relation should agree on regimes where both assumptions, namely validity of perturbation theory and super-Hubble long modes, are valid. We leave this interesting comparison to a future work, while we are now interested in developing and applying a proper scheme to include relativistic effects in terms of directly observable quantities.
In particular, we evaluate here the level of non-Gaussianity generated by a subset of the contributions to the observed galaxy bispectrum calculated in [26, 29] . We classify various corrections by the number of derivatives with respect to the metric perturbations and integrals along the light-cone they contain. Here, what we mean by the non-Gaussianity induced by projection effects is the systematic shift in a measurement of f NL if these effects are neglected. The goal of the paper is not to make an exhaustive analysis of all (hundreds of) terms appearing in the second order expression to give a precise value of the effective f NL due to relativistic corrections. Because cancellations between terms can happen, a full analysis will very likely be required in the end and we leave it for future work. Here we rather aim at highlighting the importance of projection effects by accurately estimating the level of non-Gaussianity that some of them can generate. It should be emphasized that this calculation is the first of its kind; we develop the numerical scheme to evaluate the bispectrum templates for the local, equilateral and orthogonal shapes in redshift and angular space: z m-space. This is a necessary ingredient in accurately estimating the value of f NL of a given non-Gaussian shape, as one should project the theoretical bispectrum calculated in terms of the observed angles and redshifts onto the non-Gaussian templates in z m-space and sum over all the triangular configurations.
In this preliminary work, we provide simple examples essentially limited to a single redshift slice and to relatively large scales. By including several redshift bins it is possible to recover the full 3-dimensional information, as shown for the redshift dependent angular power spectra in [30, 31] . Therefore redshift evolution and smaller scales may help in disentangling primordial non-Gaussianity from the LSS contaminations. The rest of this paper is organized as follows: in Sect. 2 we set up the basics by reviewing bispectrum templates in Fourier space. Next we calculate their counterpart in z m-space and point out some subtleties in the numerical evaluation of the integrals. We close this section by defining the shape correlation in z m-space between local and equilateral templates and we define the f eff NL as the normalized amplitude of the projected bispectrum of the projection effects onto a particular PNG template. In Sect. 3, we review the theoretical bispectrum from relativistic corrections as calculated via consistency relation argument and also the subset of terms in the bispectrum calculated from secondorder perturbation theory. In Sect. 4 we present the estimates for the effective f NL from various terms that we considered for local, equilateral and orthogonal shapes. We also estimate f NL for the local shape using the bispectrum obtained from consistency relation. Finally, we conclude in Sect. 5.
All numerical results presented have been obtained with the following cosmological parameters: h = 0.67, ω b = 0.022, ω cdm = 0.12 and vanishing curvature. The primordial curvature power spectrum has the amplitude A s = 2.215 × 10 −9 , the pivot scale k pivot = 0.05Mpc −1 , the spectral index n s = 1 and no running.
Primordial non-Gaussianities in the observed bispectrum
To quantify the contamination from projection effects to the measured primordial f NL of a given shape, we need to project the bispectrum from relativistic corrections onto the corresponding primordial bispectrum template for that shape. For the rest of our discussion, we focus on local, equilateral and orthogonal templates. Below we first set the basic notation and define the initial conditions in terms of the primordial bispectrum for these PNG shapes. Next we derive corresponding templates in terms of galaxy number counts in z m-space and discuss in details some subtleties in evaluating the numerical integrals.
Primordial non-Gaussian shapes
While the statistics of Gaussian fluctuations is fully determined by the lowest order correlation function, i.e. 2-point function or its Fourier transform, the power spectrum, to describe non-Gaussian fields one needs to consider higher order correlation functions. For the rest of our discussion we focus on the lowest order non-Gaussian statistics of primordial fluctuations, the 3-point function and its counterpart in Fourier space, the bispectrum. We therefore consider the non-Gaussian initial conditions given in terms of the bispectrum of the primordial curvature perturbation ζ defined as
where ... denotes the ensemble average and we assumed statistical homogeneity and isotropy. The primordial bispectrum is often parameterized as
where f shape NL is a normalized amplitude and F shape (k 1 , k 2 , k 3 ) encodes the functional dependance of the primordial bispectrum on the specific triangular configuration. Therefore constraints on PNG are reported as constraints on the amplitude parameter for a particular shape. Different inflationary models, give specific prediction for the amplitude and the shape of bispectrum [32, 33] . Therefore constraints on PNG provide an invaluable window to distinguish between inflationary models.
For the rest of our discussion, we consider three commonly used separable shapes+ 5 perms. .
Computing the non-Gaussian shapes in z m-space
To obtain the shape templates in terms of observable quantities we need to compute the bispectrum related to the 3-point function
given the PNG initial conditions set by Eqs. (2.3-2.5), and the observable galaxy number counts, in terms of the observed redshift z and the angular position 3 n, defined as
where ... denotes the angular mean at fixed observed redshift z and n g (n, z) is the number density of sources per redshift and per solid angle. For non-Gaussian initial conditions, the lowest order non-vanishing contribution to the 3-point function is given by the linear galaxy number counts [16, 17, 39 ]
where Ψ and Φ denote the Bardeen potentials 4 , v the (gauge invariant) velocity potential in Newtonian gauge, related to the peculiar dark matter velocity through v = −∇v, and H =ȧ/a is the comoving Hubble parameter. We denote with a dot the partial derivative with respect to conformal time η and ∆ Ω denotes the angular part of the Laplacian. The dark matter perturbations are related to galaxies number counts through some bias parameters: b is the linear galaxy bias which acts on the matter perturbation in synchronous gauge 5 , while s and f evo are, respectively, the magnification bias and the evolution bias defined as
where we denote with an overbar the background quantities and L is the threshold luminosity of a given galaxy survey. Since in this work we limit our analysis to a single redshift bin, for sake of simplicity we will not consider the terms integrated along the line of sight of Eq. (2.8). We remind that we adopt this approximation only in computing the PNG templates in z m-space, and not for the physical relativistic bispectrum. In the rest of the paper we consider the following bias parameters b = 1, s = 0 and f evo = 0.
To compute the redshift dependent angular bispectra, we expand the galaxy number counts in spherical harmonics Y m
whose coefficients are given by
Following [16] , it is straightforward to rewrite the spherical harmonics coefficients, for the terms of Eq. (2.8) considered, as
where the sum is over different angular transfer functions defined in Appendix A.4 of [39] . The bispectrum is then given by
One then expands the delta-Dirac function 15) and, by performing the angular integrals over dΩk i and dΩ n , we obtain
where we have introduced the Gaunt factor
It is more convenient to drop the Gaunt factor and work with the reduced bispectrum
Evaluating the 4-fold integral in Eq. (2.16) for an arbitrary template is numerically challenging. This is due to the fact that the three Bessel functions make the integrand highly oscillatory. Moreover the transfer functions also have oscillatory behaviour. For the CMB bispectrum, for some separable templates such as the local and equilateral shapes, one can change the order of integration over r and k and first perform each individual k-integration before calculating the r integral [33] . For the galaxy bispectrum however, upon a naive 6 change of the order of integration, each individual k integral is no longer convergent. Therefore one needs to calculate the 4-dimensional integration numerically which is computationally expensive and inefficient. It is however possible to simplify this result by performing the r integral analytically. This reduces the dimension of the integral from four to three and gets rid of the three spherical Bessel functions. We use the results of [41] :
where |m| ≤ 1 , 2 and P m denote the associated Legendre functions. Therefore, taking 3 to be the largest of the 's, the sum contains 2 min( i ) + 1 terms. Furthermore, ∆ = 1 if the k i form a non degenerate triangle, 1/2 for degenerate triangles and zero if they do not form a triangle. The θ ij are the angles between the sides k i and k j of the triangle.
Therefore the reduced bispectrum can be expressed as
We compute the 3-dimensional integral (2.20) using the Suave 7 Monte Carlo integrator. The transfer functions are computed with the class 8 code [42] , with the LSS implementation described in [39] .
Shape correlations in z m-space
Similar to what is done for the CMB [37, 43] , to determine whether two non-Gaussian shapes can be distinguished from LSS observations, we can calculate the shape correlations between two theoretically calculated LSS bispectra weighted by the expected signal-to-noise as in a Fisher matrix analysis. For a fixed redshift, the correlation angle (or overlap) between the two angle-averaged spectra in -space is defined by 21) where the scalar product is defined as
We have also introduced the angle-averaged bispectrum 23) which is simply related to the reduced bispectrum as
Furthermore, in Eq. (2.22) the sum is taken between = 3 and max , since the angular bispectra involving = 0, 1, 2 depend on perturbations evaluated at the observer 7 http://www.feynarts.de/cuba/ 8 http://class-code.net position as shown in [26] . The factor f 1 , 2 , 3 = 1, 2, 6 when all the 's are different, two of them are the same and all of them are the same, respectively. Finally, the angular power spectra include the full number counts C = C ∆g∆g , and is defined as
where ∆ (k) are the transfer functions defined in Eq. (2.13) (see Appendix A.4 of [39] for more details). We have dropped the explicit redshift-dependence of C and ∆ as for the rest of our discussion we fix the redshift to be z = 0.55, apart when specified. In Figure 1 we plot the cosine of the correlation angle between different shapes in -space, this is evaluated for up to max = 100. As an example, in the case of the local and equilateral shapes the two templates are highly correlated in -space with a cosine of about 0.94 for max = 100. This implies that terms which have a large local component will 'leak' into the equilateral shape and give a substantial contribution to f eq. NL and vice versa. Also note that the cosine between the two shapes is slowly reduced as one considers smaller scales. This is due to fact that adding more modes and hence more information helps discriminate the two shapes better. Note also that the orthogonal shape is nearly perfectly anti-correlated with the local shape. This situation certainly will improve when going to higher 's and when considering different redshift since z mspace contains in principle the same information as Fourier space. By comparing with the imprint of PNG on CMB anisotropies, see e.g. [44] , we remark that different primordial non-Gaussian shapes are much more correlated for LSS observables. While in both cases Fourier scales are mixed by projecting the perturbations on spherical harmonics, for the CMB bispectrum Limber approximation [45, 46] can be adopted providing a one to one relation between Fourier and angular scales (k ( + 1/2)/r). Due to the scaling with power of the matter transfer function the k-integrals for LSS are not dominated by the spherical Bessel peaks, but they are getting relevant contributions from several Fourier scales, especially for ( + 1/2)/r(z) < k eq the integrand peaks not at ( + 1/2)/r but rather at k eq , the equality scale, where also the matter transfer function peaks. As a consequence, LSS bispectrum is described in terms of a non-trivial 4-dimensional integral even for separable PNG shapes, leading to a large correlation between PNG shapes. Figure 2 . We plot the (absolute) value of the bispectrum for the non-Gaussianity templates: local (top left), equilateral (top right) and orthogonal (bottom). We consider three galaxies at the same redshift z = 0.55
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In Fig. 2 we present the non-Gaussian shapes in -space for local, equilateral and orthogonal templates. The galaxies are taken to be at the same redshift z = 0.55. As expected the local non-Gaussianity template peaks on the squeezed limit ( 1 2 ∼ 3 ), while the equilateral shape is maximum when 1 , 2 and 3 are roughly equal. It should be noted that for the local shape, if only considering the squeezed triangles, the bispectrum signal grows as a function of max while for the equilateral and orthogonal shapes (depending on the squeezing factor) it saturates quickly at max 50.
Effective f NL due to projection effects
Having computed the non-Gaussian templates, we can estimate the systematic shift on the measured amplitude of the primordial non-Gaussianity induced by relativistic projection effects. This is done by projecting them on the relevant shape (see appendix C for a short review):
(2.26)
As we discuss in the next section, for the estimate of f NL using the bispectrum calculated from the consistency relation, we only sum over squeezed configurations for which 10 1 ≤ min( 2 , 3 ). This is because the consistency relation bispectrum is valid only in the squeezed limit. On the other hand, to estimate f NL from the bispectrum calculated using the second-order perturbation theory, since it is valid for all configurations, we present our results both when summing only over squeezed configurations and over all configurations involving 's up to max . We believe that this is the definition of f NL for a given shape as it can be used in an observation. Note that it is important, especially when not projecting onto a given shape, to divide the bispectrum by the observed power spectrum and not by some theoretical power spectrum. This may explain the significantly larger results obtained in [28] . In this reference, the effective f NL is defined as the amplitude of the bispectrum normalized with respect to the Newtonian power spectrum squared. Since the relativistic bispectrum has much more power at large scales, when normalizing with respect to the Newtonian power spectrum the effective non-Gaussianity is seen to be large.
Contributions to the bispectrum from relativistic corrections
In this section we summarize the bispectrum generated by projection effects as obtained from the second-order calculation of [29] and from the consistency relation [27] . For the former, as mentioned in the introduction, we only consider a subset of terms. We do not go into the details of how the bispectrum is calculated in each case and we simply report the final results. We refer the reader to corresponding papers for their derivations.
Bispectrum from second-order perturbation theory
The second order relativistic calculation of the observed galaxy number counts has been developed by three independent groups [24] [25] [26] and recently compared partially in [47] . In particular, in [26] the second-order galaxy number counts are calculated using a geometrical approach based on the so-called geodesic light-cone coordinates [48] , and it is valid for any metric theory with perturbations around FLRW metric. However, one has to make the assumption of GR, when using the dynamical equations to relate the intrinsically second-order quantities such as δ (2) to the gravitational potential. The second order number counts have been used [29] to derive the tree-level bispectrum for the leading terms on intermediate to large redshift and sub-Hubble scales. For Gaussian initial conditions, the leading contributions to the 3-point function are in the form of ∆
where ∆
g and ∆ (2) g are the linear and second-order galaxy number counts. In the full second-order result, ∆ (2) g contains hundreds of terms. Here we only consider a subset of the contributions and calculate the effective f NL due to these terms which can be misinterpreted as local, equilateral or orthogonal PNG. One can organize the contributions to ∆ (2) g in terms of the number of spatial derivatives acting on the Bardeen potentials. In our analysis we only consider a subset of the three-and four-derivative terms with respect to the Bardeen potentials. For the linear galaxy number counts ∆
(1) g we only include the Newtonian terms, i.e. the density and redshift-space distortion
where for sake of simplicity we omit the label (1) , therefore all the perturbations have to be interpreted at first order unless they are explicitly denoted as second order. Among the second-order contributions to galaxy number counts, we consider the subset of threeand four-derivative terms defined as
(3.
3)
The three-derivative terms are
where we have introduced the Weyl potential 6) and classified the terms such that only ∆
g,3dB involves contribution from the metric perturbations.
Among the four-derivative terms, we consider the Newtonian × lensing terms given by ∆ (2)
where ∇ a denotes the covariant derivative on the 2-sphere, we have introduced the lensing potential 8) and the first order magnification or convergence
The bispectrum including terms of the form
has been computed in [29] . Here we do not repeat the calculation and we just report the final results for each single term of Eq. (3.7):
where we have defined
The angular spectra are defined following the convention of Eq. (2.25), where the transfer function associated are
To generalize Eq. (3.10) from the linear δ to the number counts ∆ (1) , as considered in Eq. (3.2), we simply replace ∆ δ (z, k) with ∆ δ (z, k) + ∆ v (z, k) For the three-derivative terms defined in Eqs. (3.4) and (3.5) we can proceed as above (see Appendix A for details). Namely, we compute the bispectra (3.19) then the full results can be obtained by simply replacing ∆ δ (z, k) with ∆ δ (z, k)+∆ v (z, k). The bispectrum involving ∆ (2) g,3dA can then be written as the sum of the following terms
+perms. , (3.20)
Similarly, for the bispectrum involving ∆ (2) g,3dB we have
To compute the bispectra (3.19), we have introduced the following angular transfer functions
We remark that, while the three-derivative terms, i.e. ∆ (2) g,3dA and ∆ (2) g,3dB , are suppressed by single spatial derivative with respect to the leading terms, the amplitudes of the bispectra in Eq. (3.19) are further reduced since they involve always a power spectrum with Bessel functions out of phase. Therefore, as already pointed out for the leading terms in [29] , these bispectra are highly suppressed for galaxies at the same redshift, while for galaxies at different redshifts we recover the suppression expected by the derivative counting scheme. It would be interesting to do the full 3D analysis and consider the bispectra at several redshifts.
The squeezed-limit bispectrum from consistency relation
In [27] , Kehagias et al. derived a non-perturbative expression for the observed galaxy bispectrum due to projection effects. Following the approach of [49] [50] [51] , the squeezed limit bispectrum was obtained by correlating the observed galaxy power spectrum in the presence of a long mode with the observed galaxy overdensity on that large wavelength. This bispectrum is exactly computable since the effect of a long mode up to a gradient on the short-scale dynamics is simply a change of frame (or a residual gauge transformation).
Reporting only their final result, the angular reduced bispectrum for three galaxies at redshifts z 1 , z 2 , z 3 in the squeezed limit is given by
The first contribution arises since the presence of the long mode alters the relation between the local and the observed number counts. d is a combination of linear redshift perturbation ∆z, luminosity-distance perturbation δD l and volume perturbations δV , generated by the long mode
The explicit expressions for ∆z, δD and δV are given in Appendix B. The second contribution in the expression for the bispectrum, is purely due to the fact that in the presence of the long mode the observed and background redshifts of the galaxies differ.
As explained in Appendix B, the redshift derivative can be written in terms of a radial and a time derivative. Of these two, the radial derivative appears in standard calculations of the bispectrum, and in the following we only keep the time derivative. The last term arises since the angle at which the galaxies are observed is modified with respect to their background angular position, and the explicit expression for I is also given in Appendix B. Since we are working inside the horizon and for configurations which are not very squeezed, this last term should be handled with care. When evaluated at equal redshifts, its contribution is expected to be proportional to spurious terms that go like the second derivative of the long mode. These should be discarded since there are several other similar terms that the consistency relation cannot capture. We keep it here since at unequal redshifts it does contain a contribution proportional to the gradient of the long mode, but we ignore it in the following sections where everything is evaluated at the same z. Let us stress that in [27] this term was consistently not included in the estimate of f NL . This relation is valid in the squeezed limit, that is when 1 2 , 3 . The most important feature is that it is valid even when the number counts associated to the short scales 2 , 3 are in the non-linear regime.
It captures the terms that scale as 10 H 2 λ 2 L and Hλ L as one takes the squeezed limit of the galaxy bispectrum as we have accounted the effect of the long mode up to a gradient through a coordinate transformation. This is possible as long as the evolution of the Universe is adiabatic (single-field inflation and a subsequent evolution that conserves ζ on the scales of interest).
In general, we also expect corrections going like the curvature induced by the long-
. If the long mode is super-Hubble, these corrections are subdominant. However, when the long mode is sub-Hubble -but still much larger than the short scales -these curvature corrections are parametrically larger than relativistic corrections other than the lensing and redshift space distortions which behave as (
2 ). In [27] the estimate of f NL due to projection effects was made by computing the amplitude of the terms in the bispectrum of Eq. (3.31) which schematically have the form b ∼ (Φ∆
g . The motivation for this simplification was that since the primordial bispectrum of the local shape has this form in Fourier space, one expects a similar scaling also for the number counts bispectrum. The idea was that only terms with a similar scaling would give rise to the local-type f NL that could be misinterpreted as the primordial signal. However, as we have discussed in the previous section, a more accurate estimate of f NL is obtained by projecting the full bispectrum onto a particular shape, in this case the local shape. Moreover, we have seen that different shapes have a high overlap in harmonic space which means that even terms not scaling as the local template for number counts will contribute to the effective f NL . In the next section we revise our previous estimate using this new, more precise approach. We checked that the simple estimator of [27] gives the result correct within an order of magnitude.
Results
We now estimate the contamination of the primordial non-Gaussianity signal due to several terms appearing in the relativistic calculation of the observed galaxy bispectrum. We will see that these projection effects, if ignored, would induce a systematic error of order ∆f NL O(1) for different shapes. Since upcoming LSS surveys have a target sensitivity of that order of magnitude for the local shape [3, 4] , these effects must be computed and taken into account in the modeling of the bispectrum. For the equilateral shape, achieving such a sensitivity level is known to be more challenging [5] . In this section we present the level of non-Gaussianity generated from a subset of effects for local, equilateral and orthogonal shapes. Having developed the tools to do this, as presented in previous sections, our purpose is only to estimate the order of magnitude of these effects. We leave a full detailed calculation for future work.
Local non-Gaussianity
We estimate the effective local non-Gaussianity generated by projection effects. We do this by projecting some of the terms appearing in the second-order calculation, namely the "Newtonian × Lensing" and the three-derivative terms described in section 2.4, on the local template as discussed in section 3.1. We also plot the results from the consistency relation 'CR'. Results are shown in Fig. 3 for two different redshifts (z = 0.55 and z = 1.1). In particular, we see that the contamination at max = 100 and z = 0.55 is We also note that the cosine with the local shape is very close to one for all three, although we would naively not expect this as they have a different scaling than that of the local terms. The cosine of the 'Newtonian × Lensing" term drops very slowly with max , and is thus expected to give a large contamination even when considering smaller scales. It is also interesting to consider only squeezed configurations, since in Fourier space the local shape has a characteristic behaviour in that limit that could potentially distinguish it. Figure 4 shows the resulting f NL of the local shape from Newtonian × Lensing, the three-derivative, and consistency relation terms considering only squeezed configurations, i.e. | 1 − 2 | ≤ 10 3 ≤ 1 + 2 , as a function of the non-linear cutoff max . We find that they induce a contamination at max = 100 and z = 0.55 of Moreover, the cosines are always large particularly summing only over configurations in this limit. Meaning that for the scales we are considering here all these bispectra are very degenerate in z m-space. We conclude that to attain a precision of ∆f loc.
, it is necessary to take these terms into account. Of course there are many terms in the full expression and a more careful analysis becomes necessary. It should be noted that we performed a 2D analysis, fixing the redshift. In principle the redshift evolution can help distinguish the PNG bispectrum from those generated by relativistic effects. We defer a comprehensive analysis including all the dominant contributions from relativistic effects in several redshift bins to a future work. In this work we only show that results do not change qualitatively when considering other redshifts, see e.g. top and bottom panels of Fig. 3 . We remark that at high redshift the non-Gaussian contamination induced by relativistic effects is smaller. Interestingly the contribution of the "Newtonian × Lensing" terms is relatively larger for higher redshifts. The two groups of three-derivative terms are characterised by a different behaviour with redshift. Indeed the corrections induced by the group involving peculiar velocities are less relevant at high redshift, as expected, given that some of them inversely proportional to the comoving distance of the sources.
Equilateral and orthogonal non-Gaussianity
For the "Newtonian × Lensing" and the "three-derivative" terms, we repeat the same calculation as above for the equilateral shape. The results are presented in Figure 5 . We find that for max = 100 they lead to a contamination of For lower max the contamination is bigger as there is not enough information to lift the degeneracy between the terms and the template. We interpret this as the fact that by including less configurations the peculiarity of the shape is weaker and the overlap with the terms above is therefore greater.
Regarding the cosine between these contributions and the equilateral shape, it can be surprising that the cosine is larger for the "Newtonian × Lensing" terms which are the ones producing the smallest contamination to f eq.
NL . This is due to the fact that the amplitude of the "three-derivative" terms is larger than the one of the Newtonian × Lensing terms.
We also compute the effective orthogonal non-Gaussianity induced by the subset of projection effects considered above, i.e. "N×L" and "three-derivative" terms. The results are shown in Fig. 6 . At max = 100 they lead to a contamination of We find that the contamination on the primordial signal of a type given by the equilateral and orthogonal templates is below the sensitivity of upcoming surveys.
Conclusions
In addition to the contribution from primordial non-Gaussianity, there are several other sources of non-Gaussianity that give rise to non-zero bispectrum and hence should be modelled correctly in order to extract the primordial signal. On small scales, modelling of the non-linear gravitational evolution of matter, non-linearity in biasing relation and the non-linear redshift space distortions is necessary, while on large scales or when correlating different redshift bins, a fully general relativistic calculation of the bispectrum is also needed. Our focus in this paper has been on the general relativistic corrections to the bispectrum due to projection effects.
We have computed the effective non-Gaussianity imprinted from relativistic corrections to the bispectrum of galaxies from several terms appearing on the explicit computation of the relativistic projection effects. This should be understood as a systematic error that is induced in the estimated primordial signal by such terms if they are ignored. By estimating the order of magnitude of these effects, we addressed the question of whether they can be safely ignored in future analyses. We developed a numerical scheme to calculate the non-Gaussian shape templates for the observed galaxy bispectrum in angular and redshift coordinates. We estimated the systematic shift of the amplitude of the primordial non-Gaussianity f NL parameter for each shape by projecting the theoretical bispectrum onto the corresponding shape and summing over triangular configurations.
At z = 0.55 the terms from second-order perturbation theory called Newtonian × Lensing produce a contamination of magnitude f 2.6. These are relevant contaminations as they are only a small subset of all the second-order terms. Since they give contributions of the order f NL ∼ 1 on the estimated local-type non-Gaussianity, which is the goal to be attained with LSS data, these effects cannot be ignored in the future. Interestingly, we found that in z m-space, at a single redshift and with the scales which we have considered, the different shapes have a very significant overlap and it will be important to include both, higher values of and different redshifts in order to distinguish them.
The f NL found in [28] is larger than our result. But even though they do consider a different set of terms than we do, we believe that this is mainly a consequence of their normalisation with respect to the Newtonian power spectrum and therefore not a true difference.
A full answer to the question addressed in this work requires its extension in several directions. In an estimation of non-Gaussianity from real data, one would need of course to include all terms from second order galaxy number counts as there could be combinations leading to higher or lower level of contamination. It would be interesting to study how to distinguish these contributions from the primordial signal. One possibility is to correlate different redshift bins, but in this case there will be several projection effects that can become larger than the ones we have considered here, such as other lensing contributions. Another interesting question is to give a similar estimate when the data is transformed to Fourier space including integrated terms which can potentially give a large contribution. Finally, since mildly non-linear scales can potentially give an important contribution to the signal, it will be important to compute the galaxy bispectrum beyond tree level (i.e. beyond second order in perturbation theory). The bispectrum probes the coupling of different scales, and there can be a signal of interesting physics when large and small scales are combined in the squeezed limit, which requires a calculation which is both non-linear and relativistic. Higher-order relativistic calculations quickly become too complicated to be practical. One possibility to solve this issue is to use relativistic numerical simulations [23] . Another possibility is that, since relativistic corrections remain small, one can in principle do a mixed perturbation theory where relativistic corrections are kept at low orders, but one goes to higher orders in the quantities that become large at those scales, such as the density perturbation.
A Three-derivative bispectrum
In this appendix, by following the notation of Ref. [29] , we compute the redshift dependent bispectra for the terms with three spatial derivatives defined through Eqs. (3.4) and (3.5).
A.1 Term δ∂ r v
We compute the contribution of the following term.
(δ∂ r v) (n 1 , z 1 ) δ (n 2 , z 2 ) δ (n 3 , z 3 ) c + perms., (A.1) 
× ∂ k 3 r 1 e −ik 3 ·n 1 r 1 e i(−k 2 ·n 1 r 1 +k 2 ·n 2 r 2 +k 3 ·n 3 r 3 ) 
×P ζ (k 2 ) P ζ (k 3 ) j (k 2 r 1 ) j (k 3 r 1 ) j (k 2 r 2 ) j (k 3 r 3 ) . In this appendix we briefly review why the projection of a secondary bispectrum on a template is a good estimate of the systematic shift obtained if that secondary effect is neglected. Assume that the full signal is given by B real = B N + B GR +f NL B shape where B N is the bispectrum from Newtonian perturbation theory and B GR is the relativistic contributions. Now asume that one wants to extract f NL by comparing with a model which is given by B model = B N + f NL B shape . The log likelihood would be approximately
where C is the covariance matrix of the full bispectrum. We want to find the extrema of this function in order to get the "measured" value of f NL (the one you would think you measure if you ignore relativistic effects). We thus obtain
